Spike-timing-dependent synaptic plasticity (STDP) by definition requires the temporal association of pre-and postsynaptic action potentials (APs). Yet, in cortical pyramidal neurons pairing unitary EPSPs with single APs at low frequencies is ineffective at generating plasticity. Using recordings from synaptically coupled layer 5 pyramidal neurons, we show here that high-frequency (200 Hz) postsynaptic AP bursts, rather than single APs, are required for both long-term potentiation (LTP) induction and NMDA channel activation during EPSP-AP pairing at low frequencies. Furthermore, we find that AP bursts can lead to LTP induction and NMDA channel activation during EPSP-AP pairing at both positive and negative times. High-frequency AP bursts generated supralinear calcium signals in basal dendrites suggesting the generation of dendritic calcium spikes, as has been observed previously in apical dendrites during AP burst firing at frequencies greater than 100 Hz. Consistent with a role of these dendritic calcium spikes in LTP induction, pairing EPSPs with low frequency (50 Hz) AP bursts was ineffective in generating LTP. Furthermore, supralinear calcium signals in basal dendrites during AP bursts were blocked by low concentrations of the T-and R-type calcium channel antagonist nickel, which also blocked LTP and NMDA channel activation. These data suggest an important role of dendritic calcium spikes during AP bursts in determining both the efficacy and time window for STDP induction.
Previous work in pyramidal neurons in the cortex and hippocampus indicates that the magnitude and sign of changes in synaptic strength depend critically on the precise timing of pre-and postsynaptic action potentials (APs), with postsynaptic APs preceding EPSPs typically leading to long-term depression (LTD), while APs evoked just after EPSP onset typically lead to long-term potentiation (LTP) (Markram et al. 1997b; Bi & Poo, 1998; Sjöström et al. 2001) . This bi-directional spike-timing-dependent plasticity (STDP) extends the original ideas of Donald Hebb, who postulated that synaptic transmission between two neurons could be altered if both neurons repeatedly fire coincident APs (Hebb, 1949) . While the cellular mechanisms underlying STDP are not well understood, most studies agree there is an important role of NMDA receptors (Markram et al. 1997b; Bi & Poo, 1998; Sjöström et al. 2001) , presumably due to their ability to detect coincident pre-and postsynaptic activity via relief of voltage-dependent magnesium block (Mayer et al. 1984; Nowak et al. 1984) . During STDP the voltage driving unblock of NMDA receptors is supplied by postsynaptic APs, which actively propagate back into the dendrites of many neuronal types (Stuart et al. 1997b) . However, single APs attenuate and can fail to backpropagate into some dendrites of pyramidal neurons (Stuart et al. 1997b) . In cortical layer 5 pyramidal neurons, this failure of AP backpropagation can be rescued during high-frequency AP bursts, a typical firing mode of these neurons (Connors et al. 1982) , due to boosting of AP backpropagation following AP summation and the generation of dendritic calcium spikes (Larkum et al. 1999; . Consistent with the potential role of AP burst-evoked dendritic calcium spikes in synaptic plasticity, a number of studies indicate a role of AP burst firing in STDP (Pike et al. 1999; Meredith et al. 2003; Birtoli & Ulrich, 2004) . These findings prompted us to investigate J Physiol 574.1 the dendritic mechanisms involved in induction of STDP between synaptically connected pairs of layer 5 pyramidal neurons during single APs and AP bursts.
Methods
Wistar rats (3-4 weeks old) were anaesthetized by inhalation of isoflurane, decapitated and 300 μm-thick sagittal slices of somatosensory cortex prepared, according to guidelines approved by the Animal Ethics Committee of the Australian National University. During recording, slices were perfused with an oxygenated extracellular solution containing 125 mm NaCl, 3 mm KCl, 1.25 mm NaH 2 PO 4 , 25 mm NaHCO 3 , 25 mm glucose, 2 mm CaCl 2 and 1 mm MgCl 2 (pH 7.4 with 5% CO 2 ) at 35 ± 1
• C. Whole-cell current-clamp recordings were made from the soma of layer 5 pyramidal neurons using current-clamp amplifiers (Axon Instruments or Dagan Corporation) with pipettes containing 135 mm potassium gluconate, 7 mm NaCl, 10 mm Hepes, 2 mm MgCl 2 and 2 mm Na 2 ATP (pH 7.2 with KOH), or in STDP experiments 130 mm potassium gluconate, 20 mm KCl, 10 mm Hepes, 4 mm Mg-ATP, 0.3 mm GTP and 10 mm sodium phosphocreatine (pH 7.4 with KOH, 290 mosmol l −1 with sucrose; Markram et al. 1997b; Sjöström et al. 2001) . Unitary EPSPs between synaptically coupled layer 5 pyramidal neurons were evoked at low frequency (0.1 Hz) by somatic current injection into the presynaptic neuron. STDP was induced by 60 pairings of pre-and postsynaptic APs at 0.1 Hz. Pre-and postsynaptic APs were evoked by brief (2 ms; 4 nA) somatic current injections. During AP bursts the EPSP-AP time interval was defined as the time between the onset of the current pulse used to evoke the presynaptic AP and the onset of the current pulse used to evoke the middle AP in the postsynaptic burst. The amount of potentiation or depression was assessed by calculating the ratio of the average EPSP amplitude 20-30 min after induction relative to that during the 10 min preceding induction. In experiments using d-APV (d-2-Amino-5-phosphonopentanoic acid) (50 μm) or nickel (100 μm), these drugs were washed in just prior to STDP induction and washed out after STDP induction. Data were acquired at 20 kHz on a Macintosh computer. Axograph software (Axon Instruments, USA) was used for both acquisition and analysis. Statistical significance was determined using Student's t test at a significance level of 0.05. Statistically significant differences in the figures are indicated by asterisks. Pooled data represents mean ± s.e.m.
In the experiments using the activity-dependent NMDA antagonist MK801 to assess NMDA activation. The location of the synapses activated in these experiments is unknown, although it is likely to be within layer 5. NMDA EPSPs were isolated by addition of 20 μm 6,7-dinitroquinoxaline-2,3-dione (DNQX; Tocris) and 5 μm bicuculline (Tocris) to the external solution and recorded at resting membrane potentials in the presence of 1 mm MgCl 2 . Seventy EPSPs were evoked at 0.3 Hz and the last 10 EPSPs averaged to give the control response. MK801 (5 μm) was then added to the bath and after waiting 7 min for the concentration of MK801 to equilibrate 60 EPSPs were evoked at 0.3 Hz either alone or paired with postsynaptic APs. The average of the next 10 EPSPs evoked alone was used to evaluate EPSP amplitude after MK801 block. In these experiments postsynaptic APs were elicited antidromically or by brief somatic current injection (2 ms; 4 nA). During antidromic stimulation, just-subthreshold responses were examined at high gain to ensure that they were not contaminated by excitatory or inhibitory synaptic responses. During AP bursts the EPSP-AP time interval was defined as the time between extracellular stimulation and the middle AP in the burst. Induction of plasticity in the presence of MK801 can presumably be excluded as MK801 is an NMDA antagonist. In addition, these experiments were performed in the presence of AMPA receptor antagonists. Modelling of MK801 block, as described in Supplemental Fig. 1 (see Supplemental material), was performed using Axograph software (Axon Instruments).
Intracellular calcium was imaged using a confocal microscope (LSM 510; Zeiss) after loading cells with the calcium-sensitive fluorescent dye Oregon Green BAPTA-1 (200 μm; Molecular Probes) via the patch-pipette. Calcium-sensitive dyes were excited using the 488 line of an Argon laser, and emitted fluorescence detected via a dichroic mirror (510 nm) and long-pass filter (510 nm). Changes in fluorescence were measured with line scans at 0.3-1 kHz (average of 3-5 sweeps) across dendritic shafts with spines, and expressed as the percentage change in fluorescence relative to baseline ( F/F) after background subtraction. Calcium signals in spines and the adjacent dendrite were pooled. APs were evoked by brief somatic current pulses (2 ms; 4 nA).
Results

Spike-timing-dependent plasticity
The classical view of STDP is that pairing a single AP with a single EPSP induces LTP at positive spike timings (EPSP before postsynaptic AP) and LTD at negative spike timings (EPSP after postsynaptic AP). To test the ability of single APs to generate STDP we made recordings from synaptically coupled layer 5 pyramidal neurons. Pairing unitary EPSPs (uEPSPs) with single postsynaptic APs (at 0.1 Hz) at a spike-timing interval of +10 ms failed to cause a change in uEPSP amplitude (Fig. 1A, D and E) . This finding is consistent with previous work during low-frequency pairing of uEPSPs and APs in layer 5 pyramidal neurons (Markram et al. 1997b; Sjöström et al. 2001) . In contrast, pairing uEPSPs with AP bursts (3 APs at 200 Hz) at the same spike-timing interval (+10 ms) induced robust LTP (Fig. 1B, D and E; 173 ± 16% of control, n = 5, P = 0.03). Surprisingly, AP bursts also induced LTP (140 ± 11% of control, n = 7, P = 0.01) when paired at negative time intervals of −15 ms (Fig. 1C, D and E), a timing which typically generates LTD (Markram et al. 1997b; Bi & Poo, 1998; Sjöström et al. 2001) . Pairing uEPSPs at more negative times (−40 ms) induced LTD ( Fig. 1E ; 81 ± 4.3% of control, n = 11, P = 0.05). Unitary EPSPs evoked in the absence of APs did not cause a change in uEPSP amplitude ( Fig. 1D ; 98 ± 6.1% of control, n = 6). Induction of LTP at both positive (+10 ms) and negative (−15 ms) spike timing intervals was blocked by the NMDA receptor antagonist d-APV (50 μm; +10 ms: 102.4 ± 7.1% of control, n = 4, P = 0.88; −15 ms: 106.4 ± 7.1% of control, n = 4, P = 0.86), indicating an NMDA-dependent mechanism. These data show that in the cortex induction of STDP during pairing of uEPSPs with APs in layer 5 pyramidal neurons requires AP bursts, as seen in the hippocampus (Pike et al. 1999; Meredith et al. 2003) . Furthermore, we show that during AP bursts the STDP time window extends to negative spike timings.
NMDA receptor activation
To investigate the dendritic mechanisms underlying these findings we investigated the extent of synaptic NMDA receptor activation during induction of STDP using the activity-dependent NMDA antagonist MK801 (Huettner & Bean, 1988) . With this method, the extent of MK801 block can be used to estimate the extent of NMDA receptor activation (see Supplemental Fig. 1 ). In these J Physiol 574.1 experiments, NMDA EPSPs, evoked by extracellular stimulation in layer 5, were pharmacologically isolated by bath application of AMPA and GABA A receptor antagonists, and recorded at resting membrane potentials in the presence of 1 mm magnesium. NMDA EPSPs evoked on their own were reduced by 26 ± 2% (n = 14) of control amplitude after 60 trials in the presence of MK801 ( Fig. 2A  and C; 5 μm) . Pairing NMDA EPSPs with single APs at +10 ms lead to similar MK801 block to that observed in the absence of APs ( Fig. 2C ; average reduction 23 ± 5%, n = 5). In contrast, pairing NMDA EPSPs with AP bursts at +10 ms lead to an approximately twofold increase in MK801 block, with NMDA EPSP amplitude on average reduced by 54 ± 2% relative to control ( Fig. 2B and C ; n = 9). These data provide direct evidence that AP bursts are significantly more effective than single APs at activating synaptic NMDA receptors.
Next, we investigated the dependence of MK801 block on the precise timing of AP bursts during EPSP-AP pairing. To calculate NMDA activation from MK801 block we corrected for the exponential, rather than linear, relationship between the amplitude of NMDA EPSPs in MK801 and the associated NMDA activation (see Supplemental material). NMDA receptor activation was found to be greatest when AP bursts were evoked just after EPSP onset (+10 ms, 2.6 ± 0.16 fold increase, n = 9), and was similar to that observed in the absence of APs when AP bursts were evoked well after (> 150 ms) or before (< 35 ms) EPSP onset (Fig. 2D) . Consistent with data from STDP experiments (Fig. 1) , significant NMDA receptor activation was observed when AP bursts were evoked just before EPSP onset (−15 ms, 2.11 ± 0.15 fold increase, n = 7). These findings indicate that activation of synaptic NMDA receptors is maximal at spike timings where LTP is observed (see Fig. 1D ), whereas we could not detect activation of postsynaptic NMDA receptors during spike timings that generate LTD.
Role of dendritic calcium spikes in STDP
In the apical dendrites of layer 5 pyramidal neurons AP bursts at frequencies greater than 100 Hz lead to generation of dendritic calcium spikes and an associated supralinear increase in calcium (Larkum et al. 1999) . Recent evidence suggests that AP bursts also lead to generation of dendritic calcium spikes in basal dendrites with a similar critical frequency . Consistent with this idea, high-frequency AP bursts (200 Hz) lead to a supralinear (4.6 ± 0.5 fold; n = 5) increase in intracellular calcium compared to single APs (Fig. 3A and C) . The supralinear increase during AP bursts was significantly reduced (to 3.5 ± 0.6 fold; n = 5) by bath application of low concentrations (100 μm) of the calcium channel antagonist nickel (Fig. 3A-C) . These data support the idea that activation of dendritic T-or R-type calcium channels leads to the generation of dendritic calcium spikes in basal dendrites during AP bursts. To investigate the role of these dendritic calcium spikes in synaptic plasticity, we tested the impact of bath applications of nickel on both NMDA receptor activation and STDP. Pairing uEPSPs with high-frequency (200 Hz) AP bursts in the presence of nickel (100 μm) blocked LTP induction during pairing at +10 ms (100 ± 2% of control; n = 5; P = 0.5), whereas during pairing at −15 ms LTP was converted into LTD ( Fig. 3D ; 83 ± 3% of control, n = 5, P = 0.03). Bath application of nickel (100 μm) also blocked activation of NMDA receptors during AP bursts, as assessed using MK801 ( Fig. 3E ; n = 10, P = 0.0003). Together, these 200 μM) . B, average calcium influx in basal dendrites during AP bursts in control (left) and in the presence of nickel (100 μM; right). C, bursts of 3 APs cause a supralinear increase in intracellular calcium compared to single APs (P < 0.05; n = 5) that is significantly reduced in the presence of nickel. D, average percentage change in uEPSP amplitude relative to control (Plasticity) after pairing uEPSPs with AP bursts (3 APs at 200 Hz) at positive (+10 ms; light grey columns) and negative timing intervals (−15 ms; dark grey columns) in control (left) and in the presence of nickel (100 μM; right). Dashed line indicates baseline EPSP amplitude. E, average NMDA receptor activation during pairing of NMDA EPSPs with AP bursts at negative timing intervals (−15 ms) in control (left; n = 7) and in the presence of nickel (100 μM; right; n = 10). NMDA receptor activation was assessed with MK801 (see Fig. 2 ). data suggest that during STDP dendritic calcium spikes generated during AP bursts are required for both LTP induction and NMDA receptor activation.
To further test the hypothesis that dendritic calcium spikes are required for LTP induction we investigated the frequency dependence of STDP during AP bursts. If LTP requires the generation of dendritic calcium spikes, one would expect that pairing uEPSP with AP bursts at frequencies below critical frequency (∼100 Hz) should abolish STDP. We therefore compared STDP protocols during the pairing of uEPSPs and AP bursts at 200 Hz with that observed during AP bursts at 50 Hz (Fig. 4) .
To avoid potential problems due to the introduction of both positive and negative spike timings in these experiments, we kept the timing of the first AP constant during pairing at positive times, whereas the timing of the last AP was kept constant during pairing at negative times. These experiments indicated that pairing uEPSPs with AP bursts below the critical frequency for generation of dendritic calcium spikes is ineffective in generating synaptic plasticity. On average, during pairing with AP bursts at 50 Hz for positive spike timings uEPSPs were 97 ± 5% of control ( Fig. 4A ; n = 4, P = 0.98), whereas for negative spike timings uEPSPs were 102 ± 7% of control ( Fig. 4B ; n = 5, P = 0.3). These data indicate that STDP induction requires AP bursts at supra-critical frequencies. Furthermore, they provide additional evidence supporting our conclusion that dendritic calcium spikes generated by high-frequency AP bursts are required for STDP induction.
Discussion
Classical models of synaptic plasticity indicate that induction is triggered by NMDA receptor-mediated calcium influx (Bliss & Collingridge, 1993) . Consistent with this idea, we show that high-frequency AP bursts are effective triggers of both LTP and NMDA activation during EPSP-AP pairing at positive and negative times. In contrast, EPSP-AP pairing with single APs and low-frequency AP bursts was ineffective in generating LTP. We go on to show that both LTP and NMDA activation during high-frequency AP bursts were blocked by low concentrations of the calcium channel antagonist nickel, which also blocked supralinear increases in dendritic calcium influx during AP bursts. Together, these data suggest an important role of AP burst-evoked dendritic calcium spikes in STDP, and emphasize the importance of AP burst firing and active dendritic properties in STDP induction.
Comparisons with previous studies on STDP
Consistent with previous studies on STDP between synaptically coupled layer 5 pyramidal neurons (Markram et al. 1997b; Sjöström et al. 2001) , low-frequency pairing of single APs with uEPSPs at positive times did not lead to LTP (Fig. 1) . The most likely explanation for this finding is that low-frequency pairing with single APs does not generate sufficient dendritic depolarization at the site of synaptic input to remove the magnesium block of synaptic NMDA receptors. Consistent with this idea, we did not observe significant NMDA activation during EPSP-AP pairing with single APs (Fig. 2) . Furthermore, a previous study has shown that LTP is only observed during low-frequency pairing of uEPSPs with single APs when it is associated with membrane potential depolarization supplied via additional synaptic input or somatic current injection (Sjöström et al. 2001) . High-frequency AP bursts, on the other hand, can significantly depolarize the dendrites via generation of AP burst-evoked calcium spikes in the apical dendrites of pyramidal neurons (Stuart et al. 1997a; Larkum et al. 1999) . Recent evidence indicates that high-frequency AP bursts can also generate calcium spikes in basal dendrites , consistent with the nickel-sensitive supra-linear increase in calcium in basal dendrites during AP bursts (Fig. 3) . The increased amplitude and duration of dendritic depolarizations during dendritic calcium spikes would be expected to enhance removal of the voltage-dependent block of NMDA receptors by magnesium, and presumably explains why AP bursts are effective triggers of both NMDA activation (Fig. 2) and LTP induction (Fig. 1) . The proposed role of dendritic calcium spikes in STDP during AP bursts may also explain the requirement for AP burst firing during LTP induction in hippocampal neurons (Pike et al. 1999; Meredith et al. 2003) . Given that neighbouring layer 5 pyramidal neurons make synaptic connections onto both basal and apical dendrites of layer 5 pyramidal neurons (Markram et al. 1997a) , it seems likely that AP burst-evoked dendritic calcium spikes in both basal and apical dendrites can play a role in the induction of STDP. Furthermore, it may be that only a subset of layer 5 to layer 5 inputs (approximately 6 per connection) are potentiated, and that potentiated inputs are those located on distal basal or oblique dendrites, or in the apical tuft.
Recent work indicates that pairing AP bursts with large-amplitude EPSPs, evoked by extracellular synaptic stimulation in layer 2/3, leads to LTD in layer 5 pyramidal neurons (Birtoli & Ulrich, 2004) . Similar to the AP burst-evoked LTP in our study, LTD in the study by Birtoli & Ulrich (2004) was observed during pairing EPSPs with AP bursts at positive and negative times, and was blocked by low concentrations of nickel, suggesting a role of dendritic calcium spikes during AP bursts. In contrast, the AP burst-evoked LTD observed by Birtoli & Ulrich (2004) was blocked by metabotropic glutamate receptor antagonists, and not by NMDA receptor antagonists. These data suggest that during synchronized activation of large numbers of inputs to layer 5 neurons, pairing AP bursts with EPSPs leads to a dominant form of LTD via a metabotropic glutamate receptor mechanism, whereas pairing AP bursts with uEPSPs leads to LTP via an NMDA receptor-dependent mechanism. One possible explanation for this difference is that during synchronized activation of large numbers of inputs glutamate can spill over, leading to activation of metabotropic glutamate receptors which reside outside the synaptic cleft (Baude et al. 1993) . Under these conditions, metabotropic glutamate receptor activation may veto NMDA-dependent LTP induction.
NMDA receptor activation by backpropagating action potentials
Postsynaptic NMDA receptors are mainly located on dendritic spines (reviewed by Nusser, 1999) . As it is impossible to record directly from these small structures, we used MK801, an activity-dependent NMDA receptor antagonist, to assess NMDA receptor activation during STDP. Pairing EPSPs with AP bursts in the presence of MK801 increased MK801 block, leading to a reduction in the amplitude of NMDA EPSPs. These data provide direct evidence that backpropagating APs are capable of removing the magnesium block of synaptic NMDA receptor channels. Using this method we were not able to detect NMDA activation during EPSP pairing with single APs (Fig. 2C) , as has been previously observed by others using calcium imaging (Koester & Sakmann, 1998) . There are a number of possible explanations for this. One possibility is that the MK801 method is not sensitive enough to detect NMDA receptor activation during single EPSP-AP pairing. Alternatively, as backpropagating APs attenuate as they propagate into the apical (Stuart et al. 1997a ) and basal dendrites , distal synaptic inputs may not be significantly depolarized by single APs. This may explain the apparent discrepancy with the work of Koester & Sakmann (1998) , who only examined calcium influx during EPSP-AP pairing at very proximal dendritic locations (20-80 μm from the soma). In contrast, pairing high-frequency AP bursts with EPSPs significantly enhanced NMDA receptor activation at both positive and negative spike timings (Fig. 2D ). This finding is consistent with recent studies showing that slow magnesium unblock (Vargas-Caballero & Robinson, 2003; ) favours long-lasting depolarizations such as dendritic calcium spikes induced by AP bursts (Vargas-Caballero & Robinson, 2003) .
Functional role of dendritic calcium spikes in synaptic plasticity
It is commonly assumed that the timing of a single backpropagating AP relative to an EPSP determines the sign and magnitude of synaptic modifications during STDP (e.g. Abbott & Nelson, 2000) . Yet, as we show here, pairing single APs with uEPSPs at low frequencies fails to induce LTP between synaptically coupled layer 5 pyramidal neurons (see also Markram et al. 1997b; Sjöström et al. 2001) . In contrast, pairing EPSPs with AP bursts successfully potentiated these synapses. Previous studies indicate that induction of LTP at cortical synapses during pairing with single APs requires large-amplitude, compound EPSPs (Sjöström et al. 2001) , or pairing of both uEPSPs and APs at high frequencies (>10 Hz) (Markram et al. 1997b; Sjöström et al. 2001) . As cortical neurons typically fire at low rates in vivo (∼0.5 Hz) (Margrie et al. 2002) , it is unclear whether these induction protocols will occur under physiological conditions. On the other hand, AP bursts are a physiologically relevant firing mode of cortical layer 5 pyramidal neurons, and have been observed in vivo during sensory input (Helmchen et al. 1999; Larkum & Zhu, 2002) or during the stimulation of layer 1 synaptic inputs mediating information from higher cortical areas (Larkum & Zhu, 2002) . These data suggest that STDP in vivo may only take place during high-frequency AP burst firing. This notion is consistent with other studies suggesting that AP bursts play a critical role in information processing (Lisman, 1997; Snider et al. 1998) .
Dendritic spikes can also be generated by correlated synaptic inputs in the absence of APs (Schiller et al. 1997) , with recent work in pyramidal neurons in the hippocampus indicating a role of dendritic calcium spikes in the induction of non-Hebbian forms of synaptic plasticity that do not require backpropagating APs (Golding et al. 2002) . Other studies show that induction of synaptic plasticity can lead to changes in active dendritic properties (Wang et al. 2003; Frick et al. 2004) , which would be expected to influence the generation of future dendritic spikes. Together, these findings indicate that active dendritic mechanisms are likely to play an important role in determining both the efficacy, as well as the time window, for STDP induction (Lisman & Spruston, 2005) .
